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Infection with human coronavirus 229E (HCoV-229E) is associated with the common cold and may result in pneumonia in im- 
munocompromised patients. The viral spike (S) protein is incorporated into the viral envelope and mediates infectious entry of 
HCoV-229E into host cells, a process that depends on the activation of the S-protein by host cell proteases. However, the pro- 
teases responsible for HCoV-229E activation are incompletely defined. Here we show that the type II transmembrane serine pro- 
teases TMPRSS2 and HAT cleave the HCoV-229E S-protein (229E-S) and augment 229E-S-driven cell-cell fusion, suggesting that 
TMPRSS2 and HAT can activate 229E-S. Indeed, engineered expression of TMPRSS2 and HAT rendered 229E-S-driven virus-cell 
fusion insensitive to an inhibitor of cathepsin L, a protease previously shown to facilitate HCoV-229E infection. Inhibition of 
endogenous cathepsin L or TMPRSS2 demonstrated that both proteases can activate 229E-S for entry into cells that are naturally 


susceptible to infection. In addition, evidence was obtained that activation by TMPRSS2 rescues 229E-S-dependent cell entry 
from inhibition by IFITM proteins. Finally, immunohistochemistry revealed that TMPRSS2 is coexpressed with CD13, the 
HCoV-229E receptor, in human airway epithelial (HAE) cells, and that CD13* TMPRSS2* cells are preferentially targeted by 
HCoV-229E, suggesting that TMPRSS2 can activate HCoV-229E in infected humans. In sum, our results indicate that HCoV- 
229E can employ redundant proteolytic pathways to ensure its activation in host cells. In addition, our observations and previ- 
ous work suggest that diverse human respiratory viruses are activated by TMPRSS2, which may constitute a target for antiviral 


intervention. 


he family Coronaviridae contains six human coronaviruses 

(HCoVs), namely, 229E, NL63, severe acute respiratory syn- 
drome coronavirus (SARS-CoV), OC43, HKU1, and EMC, all of 
which target the respiratory tract. SARS-CoV and, potentially, 
HCoV-EMC were recently transmitted from animals to humans, 
and both viruses cause severe disease in infected patients (1-6). 
Thus, the SARS epidemic in 2002-2003 claimed more than 700 
lives, mainly in East Asia, and the recent emergence of HCoV- 
EMC has so far been associated with 13 human infections, 7 of 
which had a fatal outcome (7-9). In contrast, the remaining four 
human coronaviruses, 229E, OC43, NL63, and HKU1, are be- 
lieved to be adapted to spread in the human population and cir- 
culate worldwide. Infection by these viruses is associated with 
mild respiratory disease, mainly the common cold (10-13), al- 
though young children, the elderly, and immunocompromised 
patients might develop a more severe clinical presentation (12— 
17). For instance, HCoV-NL63 is associated with croup (14, 18), 
and a link between HCoV infection and lower respiratory tract 
disease has been suggested (16, 17, 19). In general, HCoV-229E, 
-OC43, -NL63, and -HKU1 cocirculate, exhibit seasonality, and 
are frequently involved in coinfections (15-17, 19-21). 

HCoV-229E was one of the first isolated human coronavirus 
strains (22). The viral particle contains a single-stranded RNA 
genome of positive polarity which comprises about 27 kb. The 
viral envelope (E), membrane (M), and spike (S) proteins are 
incorporated into the viral envelope. The M and E proteins are 
important for assembly and budding of progeny particles, which 
proceed at the endoplasmic reticulum/Golgi intermediate com- 
partment (ERGIC). The S-protein mediates host cell entry by 
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binding to the cellular receptor CD13/aminopeptidase N (APN), 
which is expressed on the apical membranes of epithelial cells in 
the respiratory and enteric tracts, as well as on several other cell 
types (8, 23-26). 

The domain organization of the spike protein of HCoV-229E 
(229E-S) resembles that of other viral envelope proteins termed 
class I membrane fusion proteins (27, 28). Thus, the 229E-S-pro- 
tein contains an N-terminal surface unit, $1, which harbors the 
binding site for the cellular receptor, CD13, and a C-terminal 
transmembrane unit, S2, which encompasses the structural ele- 
ments required for membrane fusion. The 229E-S-protein is syn- 
thesized as an inactive precursor in infected cells and depends on 
proteolytic processing by host cell proteases to enter an active 
state, another feature typical of class I membrane fusion proteins. 
Like SARS-S, the S-protein of HCoV-229E is activated by cathep- 
sin L, a pH-dependent endosomal/lysosomal cysteine protease, 
upon viral uptake into target cells (29). However, recent studies 
indicate that the type II transmembrane serine proteases (TTSPs) 
HAT and TMPRSS2 can also activate SARS-S (30-32). Activation 
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of SARS-S by TMPRSS2 renders viral entry independent from 
cathepsin L activity (30, 32, 33), which has important implications 
for therapeutic intervention. In addition, activation by TMPRSS2 
protects SARS-S from inhibition by IFITMs (34), which are inter- 
feron-induced host cell proteins that inhibit cellular entry of sev- 
eral enveloped viruses (35). Whether TMPRSS2 and HAT activate 
229E-S and are expressed in viral target cells is unknown. 

We show here that TMPRSS2 and HAT cleave and activate 
229E-S for cathepsin L-independent host cell entry. In addition, 
we demonstrate that TMPRSS2 is expressed in viral target cells in 
the human respiratory epithelium and might thus promote viral 
spread in humans. 


MATERIALS AND METHODS 


Cell culture. 293T cells were cultured in Dulbecco’s modified Eagle’s me- 
dium (DMEM; Invitrogen), and Caco-2 cells were cultured in DMEM- 
GlutaMAX (Invitrogen). All cell culture media were supplemented with 
10% fetal bovine serum (FBS; Biochrom) and the antibiotics penicillin 
and streptomycin (Cytogen). Cells were maintained at 37°C under a 5% 
CO, atmosphere. 293T cells stably expressing human CD13 (293T-CD13 
cells) were generated by transient transfection of 293T cells with the plas- 
mid pcDNA4.TO-hCD13, followed by zeocin (100 pg/ml; Invitrogen) 
selection. Human airway epithelial (HAE) cells were generated as previ- 
ously described (36) and were maintained for 2 months. 

Plasmids and antibodies. Expression plasmids encoding the follow- 
ing glycoproteins were described previously: vesicular stomatitis virus gly- 
coprotein (VSV-G), murine leukemia virus (MLV) envelope protein 
(Env), Lassa virus envelope glycoprotein (GPC), and 229E-S (37, 38). For 
generation of the 293T-CD13 stable cell line, the CD13 coding sequence 
from plasmid pcDNA-CD13 (39) was subcloned into pcDNA4.TO. Ex- 
pression plasmids encoding the human proteases TMPRSS2, TMPRSS4, 
and HAT were published earlier (40, 41). Previously described expression 
plasmids for IFITM-1, -2, and -3 (35) were used as templates for amplifi- 
cation of the respective coding regions, using the oligonucleotides IF- 
ITM1-5N (GCGCGGCCGCACCATGCACAAGGAGGAACATGAG), 
IFITM2-3BE (CGAATTCCGGATCCCTATCGCTGGGCCTGGAC), IF- 
ITM2-5N (GCGCGGCCGCACCATGAACCACATTGTGCAAACC), IF- 
ITM3-5N = (GCGCGGCCGCACCATGAATCACACTGTCCAAACC), 
and EMCV_IRES5b (GAAGACAGGGCCAGGTTTCC). The resulting 
PCR products were inserted into the plasmid pCAGGS, using NotI and 
EcoRI sites. A goat polyclonal serum directed against HCoV-229E was 
described previously (42). A mouse monoclonal antibody (MAb) against 
TMPRSS2 was obtained from Santa Cruz, a goat polyclonal serum reac- 
tive against the ZO-1 tight junction protein was purchased from Abcam, 
and a mouse anti-myc antibody was obtained from Biomol. A Cy3-con- 
jugated anti-B-tubulin MAb and an anti-B-actin antibody were obtained 
from Sigma. Expression of IFITM1 was detected by using a MAb pur- 
chased from Proteintech Europe, while a rabbit serum obtained from the 
same provider was employed to detect IFITM2 and IFITM3. This serum 
was raised against IFITM2 and is cross-reactive with IFITM3. Secondary 
antibodies for Western blotting and immunofluorescence were purchased 
from Dianova and Jackson ImmunoResearch. 

Western blot analysis of 229E-S cleavage by TMPRSS2 and HAT. For 
the detection of 229E-S cleavage by TMPRSS2 and HAT, 293T cells were 
cotransfected with an expression plasmid for 229E-S (37) and either plas- 
mids encoding the specified proteases or empty plasmid. The medium was 
replaced with fresh DMEM at 14 to 16 h posttransfection. At 48 h post- 
transfection, the cells were harvested in 1 ml phosphate-buffered saline 
(PBS), treated with PBS or 250 g/ml tosylsulfonyl phenylalanyl chlo- 
romethyl ketone (TPCK)-trypsin (Sigma) for 10 min at room tempera- 
ture, and lysed in 2X sodium dodecyl sulfate (SDS) loading buffer. The 
lysates were separated by SDS gel electrophoresis and blotted onto nitro- 
cellulose membranes, and 229E-S was detected by staining with a goat 
anti-229E coronavirus serum (42) at a dilution of 1:500, followed by in- 
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cubation with a horseradish peroxidase (HRP)-coupled anti-goat second- 
ary antibody (Dianova). As a loading control, expression of B-actin was 
detected by employing an anti-B-actin antibody (Sigma). 

Real-time PCR. Real-time PCR was performed essentially as described 
previously (40). In brief, total RNA (500 ng) was reverse transcribed using 
BioScript RNase H Low reverse transcriptase (Bioline), and aliquots of 
generated cDNA samples (25 ng total RNA equivalents) were used for 
real-time PCR in an ABI 7500 Fast real-time PCR system (Applied Bio- 
systems). Specific amplification was ensured with TaqMan gene expres- 
sion assays (Applied Biosystems) performed according to the manufac- 
turer’s recommendations. The average cycle threshold value (C;) for each 
individual assay was calculated from triplicate measurements by means of 
the instrument’s software in “auto-C;” mode (model 7500 Fast system 
software v.1.3.0). Average C, values calculated for TMPRSS2 or HAT 
were normalized through subtraction from the Cy values obtained for 
GUSB (a housekeeping reference). 

Cell-cell fusion assay. The activation of 229E-S-driven cell-cell fusion 
by TMPRSS2 and HAT was assessed by employing a cell-cell fusion assay 
previously described by us (43). In brief, 293T effector cells seeded in 
6-well plates at 2.4 X 10° cells/well were transfected with either the 229E-S 
expression plasmid or empty plasmid (pcDNA) in combination with a 
plasmid encoding the herpes simplex virus VP 16 transactivator. In paral- 
lel, 293T target cells seeded in 48-well plates at 0.4 x 10° cells/well were 
cotransfected with a plasmid encoding human CD13 and a plasmid en- 
coding TMPRSS2, TMPRSS4, or HAT or encoding no protease (empty 
plasmid), jointly with a plasmid carrying a luciferase gene under the con- 
trol of a VP16-responsive promoter (44). Alternatively, target cells were 
transfected with a plasmid encoding either CD13 or protease. The culture 
medium was replaced with fresh DMEM at 8 h posttransfection. At 24 h 
posttransfection, effector cells were resuspended in fresh medium, diluted 
1:2.5, and cocultured with target cells. Six to 8 h after the start of the 
cocultivation, medium containing TPCK-trypsin (Sigma; final concen- 
tration, 100 ng/ml) was added and then was replaced with fresh DMEM 
after an incubation period of 8 h. Finally, at 72 h posttransfection, the cells 
were lysed, and luciferase activities in cell lysates were measured by em- 
ploying a commercially available kit (Promega). 

Infection experiments with lentiviral pseudoparticles. Lentiviral 
vectors pseudotyped with 229E-S (pseudotypes) were generated as de- 
scribed previously (37, 40). In brief, 293T cells were cotransfected with the 
HIV-1-derived vector pNL4-3 E-R-Luc (45) and an expression plasmid 
for 229E-S or VSV-G or empty plasmid (pcDNA). At 16 h posttransfec- 
tion, the culture medium was replaced with fresh DMEM, and at 48 h 
posttransfection, the supernatants were harvested, passed through 0.45- 
w.m-pore-size filters, aliquoted, and stored at —80°C. To analyze the im- 
pact of transiently expressed TMPRSS2 and HAT on 229E-S-driven host 
cell entry, either 293T-CD13 cells were transiently transfected with plas- 
mids encoding proteases or 293T cells were transiently cotransfected with 
plasmids encoding human CD13 and the indicated proteases or empty 
plasmid. For the analysis of 229E-S activation by endogenous TMPRSS2, 
Caco-2 cells were used as targets, since these cells were previously shown 
to express TMPRSS2 (40). One day prior to infection, the target cells were 
seeded in 96-well plates at 30,000 cells/well. One hour prior to infection, 
the target cells were preincubated with dimethyl sulfoxide (DMSO) or 
the indicated concentration of MDL-28170 (Calbiochem), leupeptin 
(Sigma), or camostat mesylate (Tocris) at 37°C. Subsequently, pseu- 
dotypes normalized for infectivity were added and the cells incubated for 
6 h at 37°C. Thereafter, the medium was replaced with fresh DMEM 
without inhibitor. Finally, the luciferase activities in cell lysates were de- 
termined at 72 h postinfection, using a commercially available kit (Pro- 
mega). 

Infection experiments with authentic HCoV-229E. A recombinant 
HCoV-229E strain expressing luciferase upon genome replication 
(HCoV-REN) was described previously (46). 293T cells were seeded in 
24-well plates at 4 X 10° cells/well and then transfected to express CD13 
and the indicated protease or with empty plasmid (pcDNA) before incu- 
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FIG 1 TMPRSS2 and HAT cleave the S-protein of HCoV-229E. (A) An expression plasmid for 229E-S was transiently cotransfected with expression plasmids 
for the indicated proteases or with empty plasmid (pcDNA) into 293T cells. The cells were harvested and treated with PBS or TPCK-trypsin, as indicated, and 
229E-S expression was analyzed by Western blotting employing a goat anti- HCoV-229E serum. The detection of B-actin served as a loading control. (B) Plasmids 
encoding the indicated TTSPs containing an N-terminal myc tag were transiently transfected into 293T cells. Cells transfected with empty plasmid served as a 
negative control. Protein expression was detected with anti-myc antibody, and detection of B-actin served as a loading control. 


bation with MDL-28170 (20 pM) or DMSO for 1 h at 37°C. Thereafter, 
the cells were infected with HCoV-229E at a multiplicity of infection 
(MOI) of 1, incubated for 8 h at 33°C, and then harvested for determina- 
tion of luciferase activity in cell extracts, as described above. 

Analysis of TMPRSS2 expression in human airway epithelial cells by 
indirect immunofluorescence. Analysis of the TMPRSS2 distribution in 
differentiated HAE cell cultures was performed as described elsewhere 
(47), using mock- and HCoV-229E-infected (MOI = 0.1) cultures. After 
48 h, fully differentiated HAE cultures were fixed with 4% paraformalde- 
hyde (PFA; FormaFix) for 30 min at room temperature, followed by rins- 
ing of the apical and basolateral sides three times with PBS. Fixed HAE 
cultures were immunostained using a previously described procedure 
(48). Mouse monoclonal anti-229E N (1E7) (49), sheep polyclonal anti- 
CD13 (R&D Systems), and rabbit polyclonal anti-TMPRSS2 (Abcam) 
were applied as primary antibodies. Donkey-derived Dylight 488-labeled 
anti-mouse IgG(H+L), Dylight 549-labeled anti-sheep IgG(H+L), and 
Dylight 405-labeled anti-rabbit antibodies (Jackson ImmunoResearch) 
were applied as secondary antibodies. Thereafter, the cells were incubated 
with Alexa Fluor 647-conjugated mouse anti-B-tubulin (Cell Signaling) 
for staining of ciliated cells. For in vivo examination of the TMPRSS2 
distribution in the human airway epithelium, primary bronchial segments 
were fixed with 4% PFA (FormaFix) for 30 min at room temperature, 
followed by rinsing of the samples three times with PBS. Fixed samples 
were mounted in Tissue-Tek OCT medium and snap-frozen in liquid 
nitrogen, and 10-jwm-thick horizontal sections were cut. Sheep polyclonal 
anti-CD13 (R&D Systems) and rabbit polyclonal anti-TMPRSS2 (Ab- 
cam) were applied as primary antibodies. Donkey-derived Dylight 488- 
labeled anti-rabbit IgG(H+L) and Dylight 549-labeled anti-sheep 
IgG(H+L) (Jackson ImmunoResearch) were applied as secondary anti- 
bodies, using the procedure described above. Thereafter, the cells were 
incubated with Alexa Fluor 647-conjugated mouse anti-S-tubulin (Cell 
Signaling) for staining of ciliated cells and then counterstained with DAPI 
(4’,6-diamidino-2-phenylindole; Invitrogen). Fluorescence images were 
acquired using an EC Plan-Neofluor 40 X/1.30 oil differential interference 
contrast (DIC) M27 or Plan-Apochromat 63 X/1.40 oil DIC M27 objec- 
tive on a Zeiss LSM 710 confocal microscope. Image capture, analysis, and 
processing were performed using ZEN 2010 software (Zeiss). 

Statistical analysis. Statistical significance was calculated by employ- 
ing two-tailed Students t test for correlated samples. 
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RESULTS 


TMPRSS2 and HAT cleave the S-protein of HCoV-229E. The 
type II transmembrane serine proteases TMPRSS2 and HAT 
activate SARS-CoV (30-33). To assess whether these proteases 
can also activate HCoV-229E, we first asked whether 229E-S is 
cleaved by TMPRSS2 and HAT. Cleavage by the related pro- 
tease TMPRSS4 was also tested, since TMPRSS4 can activate 
SARS-S for cell-cell but not virus-cell fusion (32). To analyze 
S-protein cleavage, the 229E-S-protein was coexpressed with 
TMPRSS2, TMPRSS4, or HAT in 293T cells, and cleavage was 
analyzed by Western blotting. Trypsin treatment of 229E-S- 
expressing cells served as a positive control, since trypsin is 
known to cleave 229E-S (29). As a negative control, 229E-S was 
expressed in the absence of cotransfected protease (pcDNA). 

A single band of approximately 160 kDa was detected upon 
expression of 229E-S in the absence of protease. Trypsin treatment 
of 229E-S-expressing cells generated prominent S-protein frag- 
ments of approximately 120, 65, 50, and 47 kDa (Fig. 1A). A sim- 
ilar cleavage pattern was detected upon coexpression of 229E-S 
with TMPRSS2 and HAT, indicating that these proteases and 
trypsin cleave the S-protein at similar or identical sites. Finally, 
coexpression of TMPRSS4 did not result in cleavage of 229E-S. 
Western blot analysis of myc-tagged proteins revealed that TM- 
PRSS2, TMPRSS4, and HAT were robustly expressed in trans- 
fected 293T cells (Fig. 1B), indicating that the lack of S-protein 
cleavage by TMPRSS4 was not due to inefficient TMPRSS4 ex- 
pression. Collectively, these results demonstrate that TMPRSS2 
and HAT cleave 229E-S, likely at the same site(s) as that recog- 
nized by trypsin. 

TMPRSS2 and HAT activate the S-protein of HCoV-229E for 
cell-cell fusion. We next asked if cleavage of 229E-S by TMPRSS2 
and HAT results in the activation of the S-protein for cell-cell 
fusion. Employing a previously described cell-cell fusion assay 
(31, 43), we first investigated whether transfection of 293T target 
cells with a plasmid encoding either a protease or CD13 was suf- 
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FIG 2 TMPRSS2 and HAT increase cell-cell fusion driven by the S-protein of HCoV-229E. (A) Effector 293T cells were cotransfected with the 229E-S plasmid 
or empty plasmid (pcDNA), jointly with a plasmid encoding VP16 fused to GALA. In parallel, 293T target cells were transiently cotransfected with plasmids 
encoding either human CD13 or the indicated proteases or with empty plasmid, jointly with a plasmid containing a GAL4-VP 16-activated luciferase expression 
cassette. Effector and target cells were mixed, and luciferase activities in cell lysates were determined at 48 h postinfection. The results of a representative 
experiment performed in triplicate are shown; error bars indicate standard deviations (SD). Similar results were obtained in three separate experiments. (B) 
Experiments were conducted as described for panel A, but target cells expressing CD13 alone or in conjunction with the indicated proteases were examined. Eight 
hours after mixing of cells, the effector cell-target cell cocultures were treated with PBS or trypsin for 8 h. The results of a representative experiment performed 
in triplicate are shown; error bars indicate SD. The results were confirmed in two independent experiments. 


ficient to allow fusion with 293T effector cells transfected to ex- 
press 229E-S. Target and effector cells transfected with empty 
plasmid (pcDNA) served as negative controls. Effector cells ex- 
pressing 229E-S fused efficiently with target cells expressing 
CD13, while fusion with target cells producing TMPRSS2, TM- 
PRSS4, or HAT was within the background range measured upon 
transfection of empty plasmid (Fig. 2A). Similarly, background 
signals were detected when effector cells were transfected with 
empty plasmid instead of the plasmid encoding 229E-S (Fig. 2A). 
Thus, engineered expression of CD13 is essential for 229E-S-me- 
diated fusion with 293T cells, which lack endogenous CD13 
(43), and fusion cannot be rescued by expression of TMPRSS2, 
TMPRSS4, or HAT. We next determined whether 229E-S-medi- 
ated fusion with CD13-positive target cells can be enhanced by 
coexpression of protease. Indeed, coexpression of CD13 with 
TMPRSS2 or HAT, but not TMPRSS4, increased cell-cell fusion 
relative to that with cells expressing CD13 alone, and a similar 
augmentation was detected upon trypsin treatment (Fig. 2B). 
These observations are consistent with cleavage and activation of 
229E-S by TMPRSS2 and HAT. 
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TMPRSS2 and HAT activate authentic HCoV-229E for ca- 
thepsin-independent virus-cell fusion. The endosomal/lyso- 
somal cysteine protease cathepsin L can activate HCoV-229E for 
virus-cell fusion (29). We asked whether expression of TMPRSS2 
and HAT on target cells allows for 229E-S-driven entry in the 
absence of cathepsin L activity. We first addressed this question by 
analyzing whether expression of TMPRSS2 and HAT facilitates 
229E-S-dependent transduction of cells treated with the cathepsin 
L inhibitor MDL-28170. Transduction of cells with a lentiviral 
vector pseudotyped with the G-protein of VSV was not modulated 
by MDL-28170 treatment or expression of TMPRSS2 and HAT, as 
expected (Fig. 3A, left panel) (31). 229E-S-mediated transduction 
of 293T cells transiently expressing CD13 and transfected with 
empty plasmid (pcDNA) was efficiently inhibited by MDL-28170 
(Fig. 3A, right panel), again in accord with published data (29). In 
stark contrast, expression of TMPRSS2 and HAT in target cells 
fully rescued 229E-S-dependent transduction from inhibition by 
MDL-28170 (Fig. 3A, right panel), while no rescue was observed 
upon expression of TMPRSS4. Notably, identical results were ob- 
tained when the experiment was repeated with replication-com- 
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FIG 3 TMPRSS2 and HAT allow for cathepsin L-independent host cell entry of HCoV-229E. (A) 293T cells were transiently transfected with plasmids 
encoding human CD13 and the indicated proteases or with empty plasmid (pcDNA). The cells were seeded into 96-well plates, preincubated with PBS or 
the cathepsin L inhibitor MDL-28170 (10 4M), and transduced with firefly luciferase-encoding lentiviral vectors bearing VSV-G or 229E-S. Luciferase 
activities in cell lysates were measured at 72 h postransduction. The results of a representative experiment performed in triplicate are shown; error bars 
indicate SD. Comparable results were obtained in three independent experiments. (B) Experiments were carried out as described for panel A, but target 
cells were seeded into 24-well plates, preincubated with 20 1M MDL-28170 or DMSO, and then infected with HCoV-229E encoding Renilla luciferase. 
Luciferase activities in cell lysates were quantified at 8 h postinfection. The averages for three independent experiments performed in triplicate are shown; 


error bars indicate SD. 


petent HCoV-229E expressing Renilla luciferase (46) (Fig. 3B), 
indicating that proteolytic activation of the virion-associated 
229E-S-protein by TMPRSS2 and HAT can bypass the require- 
ment for activation by cathepsin L. 

An inhibitor of TMPRSS2 blocks 229E-S-driven entry into 
Caco-2 cells. The observation that engineered expression of 
TMPRSS2 and HAT activates 229E-S for cathepsin L-independent 
host cell entry triggered the question of which proteolytic pathway 
is dominant in cells naturally susceptible to HCoV-229E infection. 
Addressing this question requires the availability of specific inhib- 
itors. A previous study reported that the serine protease inhibitor 
camostat mesylate (camostat) inhibits the enzymatic activity of 
TMPRSS2 (50). We therefore investigated whether camostat 
blocks 229E-S activation by TMPRSS2 and HAT. For this pur- 
pose, we transiently transfected 293T-CD13 cells with plasmids 
encoding TMPRSS2, HAT, or no protease (pcDNA). The trans- 
fected cells were then incubated with MDL-28170, increasing 
amounts of camostat, or the indicated inhibitor combinations 
(Fig. 4A). In addition, we tested the inhibitory activity of leupep- 
tin, which blocks the activity of several serine, threonine, and cys- 
teine proteases, including cathepsin L (51). The 229E-S-mediated 
transduction of cells transfected with empty plasmid was not in- 
hibited by camostat, while leupeptin and MDL-28170 reduced the 
transduction efficiency, in particular when applied in combina- 
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tion (Fig. 4A), in agreement with 229E-S activation by cathepsin L. 
In sharp contrast, MDL-28170 and leupeptin did not inhibit 
transduction of TMPRSS2-expressing target cells, in accordance 
with our previous observation that TMPRSS2 expression rescues 
229E-S entry from blockade by cathepsin inhibitors (Fig. 3). The 
transduction of TMPRSS2-expressing cells was modestly reduced 
by camostat alone, while a combination of MDL-28170 and 
camostat significantly inhibited transduction. Similar results 
were obtained for HAT-positive cells, with the exception that 
leupeptin treatment alone reduced transduction, suggesting 
that leupeptin is active against HAT but not TMPRSS2, at least 
at the concentration used. In sum, these results show that 
229E-S can be activated by TMPRSS2/HAT or cathepsin L and 
that these proteolytic pathways can be specifically inhibited by 
camostat or MDL-28170, respectively. 

The human intestinal epithelial cell line Caco-2 robustly ex- 
presses endogenous TMPRSS2 (40) but not HAT, as determined 
by quantitative reverse transcription-PCR (RT-PCR), while both 
proteases are not appreciably expressed in 293T cells (Fig. 4B) 
(40). In addition, Caco-2 cells are susceptible to HCoV-229E 
infection (52). We therefore asked which proteolytic pathway 
is used by 229E-S for activation in Caco-2 cells. Treatment of 
Caco-2 cells with camostat or MDL-28170 had no impact on 
VSV-G-driven transduction. Similarly, MDL-28170 had little 
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FIG 4 Redundant proteolytic pathways activate the S-protein of HCoV-229E for virus-cell fusion. (A) 293T cells stably expressing CD13 were transiently transfected 
with plasmids encoding the indicated proteases or with empty plasmid (pcDNA) and were used as target cells for transduction by lentiviral vectors bearing 229E-S. Prior 
to infection, target cells were incubated with PBS, DMSO, or the indicated protease inhibitors. Luciferase activities in cell lysates were measured at 72 h postinfection. The 
results of a representative experiment performed in triplicate are shown; error bars indicate SD. Comparable results were observed in three independent experiments. (B) 
Analysis of TMPRSS2 and HAT expression by quantitative RT-PCR. Total RNAs were prepared from the indicated cell lines, treated with DNase, and reverse transcribed. 
TMPRSS2, HAT, and GUSB (housekeeping control) were amplified from cDNA by TaqMan gene expression assays. Similar results were obtained in an independent 
experiment. (C) Caco-2 cells, which express endogenous TMPRSS2, were incubated with PBS, DMSO, or the indicated protease inhibitors, followed by transduction 
with lentiviral pseudoparticles bearing 229E-S or VSV-G, as a control. At 72 h postinfection, luciferase activities in cell lysates were measured. The results of a 
representative experiment performed in triplicate are shown; error bars indicate SD. Comparable results were observed in five independent experiments. 


effect on 229E-S-driven transduction (Fig. 4C) ata concentra- 229E-S is preferentially activated by TMPRSS2 or related serine 
tion which robustly inhibited transduction of 293T-CD13 cells proteases in this cell line. However, a combination of camostat 
(Fig. 3 and 4A). In contrast, 229E-S-dependent transduction and MDL-28170 was required to reduce transduction to back- 
was dose-dependently blocked by camostat, indicating that ground levels (Fig. 4C), demonstrating that the TMPRSS2/ser- 
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ine protease and cathepsin L pathways are both operational in 
Caco-2 cells. 

TMPRSS2 expression partially rescues entry driven by the 
S-protein of HCoV-229E from inhibition by IFITM proteins. 
IFITM proteins are interferon-inducible host cell factors which 
inhibit diverse enveloped viruses, including influenza A viruses, 
HIV-1, filoviruses, flaviviruses, and SARS-CoV (34, 35, 53, 54). 
IFITM proteins inhibit viral entry (34, 35, 54, 55), potentially by 
interfering with clathrin-mediated uptake or vacuolar ATPase ac- 
tivity (56). In order to investigate whether IFITM proteins inhibit 
infection driven by 229E-S, we transiently expressed IFITM-1, -2, 
and -3 in 293T-CD13 cells and transduced these cells with pseu- 
dotypes bearing 229E-S. Pseudotypes bearing the glycoproteins of 
MLV and Lassa virus were also tested, since entry driven by these 
glycoproteins is not inhibited by IFITM proteins (35). Indeed, 
expression of IFITM proteins in target cells had no appreciable 
impact on transduction by pseudotypes bearing the MLV or Lassa 
virus glycoprotein (Fig. 5A). In contrast, transduction mediated 
by 229E-S was inhibited by expression of all IFITM proteins 
tested, with IFITM-1 displaying the highest antiviral activity (Fig. 
5A). Western blot analysis of transfected target cells showed a 
dose-dependent expression of IFITM proteins (Fig. 5B), in agree- 
ment with the results obtained in the infection experiment (Fig. 
5A). Considering that IFITMs are believed to exert their antiviral 
activity at a late stage (34, 35, 55), likely after uptake of virions into 
host cell endosomes, we reasoned that expression of TMPRSS2 
might protect 229E-S-mediated entry from inhibition by IFITM 
proteins. Indeed, coexpression of TMPRSS2 increased the trans- 
duction efficiency of IFITM-expressing cells approximately 2-fold 
(Fig. 5C), suggesting that TMPRSS2 activates 229E-S for mem- 
brane fusion before IFITM proteins can exert their full antiviral 
activity. 

TMPRSS2 is coexpressed with CD13 in HCoV-229E target 
cells in human respiratory epithelium. HCoV-229E targets the 
respiratory tract, and in order to promote viral spread in patients, 
TMPRSS2 must be expressed in viral target cells in the respiratory 
epithelium. Analysis of uninfected HAE cell cultures revealed that 
TMPRSS2 is coexpressed with CD13 and that both proteins are 
largely absent from ciliated cells, which were identified by staining 
for tubulin IV (Fig. 6A). Upon infection of HAE cultures with 
authentic HCoV-229E, nucleocapsid antigen was detected mainly 
in cells coexpressing TMPRSS2 and CD13 but not tubulin IV (Fig. 
6B), in agreement with a recent study showing that HCoV-229E 
targets nonciliated CD13* cells (47). In some of the nucleocapsid- 
positive cells, CD13 expression was reduced and largely confined 
to intracellular vesicles, which might hint toward downregulation 
of CD13 expression by HCoV-229E. Examination of bronchial 
tissue confirmed that CD13* cells coexpress TMPRSS2 and 
largely lack tubulin IV, although TMPRSS2 expression did not 
seem to be limited to tubulin IV cells. Expression of tubulin IV 
was confined mainly to the luminal side, while TMPRSS2 and 
CD13 were detected at the luminal and basolateral membranes 
(Fig. 6C). Thus, TMPRSS2 is expressed in HCoV-229E target cells 
in the human respiratory epithelium and promotes viral spread in 
this tissue. 


DISCUSSION 


The activation of viral membrane fusion proteins by host cell pro- 
teases is essential for the infectivity of many human viruses, and 
the responsible proteases are potential targets for antiviral inter- 
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vention. However, in several cases, their nature is unclear. Recent 
studies suggest a role for cathepsins B and L and/or TMPRSS2/ 
HAT in the activation of human influenza viruses, human meta- 
pneumovirus, and SARS-CoV (30, 31, 33, 41, 57-59). Here we 
show that TMPRSS2 and HAT cleave and activate the HCoV-229E 
S-protein for cathepsin L-independent virus-cell fusion. In addi- 
tion, TMPRSS2 expression was found to rescue 229E-S-driven 
entry from blockade by cathepsin inhibitors and antiviral IFITM 
proteins. Finally, immunohistochemistry revealed that HCoV- 
229E preferentially infects CD13* TMPRSS2* HAE cells, indicat- 
ing that TMPRSS2 could activate HCoV-229E for spread in the 
infected host. 

A prerequisite to the activation of 229E-S by TMPRSS2 and 
HAT is the cleavage of the S-protein by these proteases. Coexpres- 
sion of TMPRSS2 and trypsin treatment induced 229E-S proteol- 
ysis, resulting in the production of prominent S-protein frag- 
ments of 120, 65, 50, and 47 kDa. Cleavage of 229E-S by HAT 
yielded an identical cleavage pattern, except that the 120-kDa 
fragment was not detected upon 229E-S cleavage by HAT, indi- 
cating subtle differences in the substrate specificities of HAT and 
TMPRSS2, which were already noted during the analysis of 
SARS-S activation by these proteases (32). The sensitivity of 
229E-S to cleavage by trypsin is in agreement with published re- 
sults (29). Differences in the size and number of cleavage prod- 
ucts—the previous study by Kawase and coworkers detected frag- 
ments of 150 and 80 to 85 kDa (29)—likely reflect differences in 
experimental conditions and, more importantly, in the reagents 
used for S-protein detection: Kawase and coworkers employed a 
serum directed against the C terminus of the S-protein (29), while 
we used a serum raised against intact HCoV-229E. Finally, no 
cleavage was observed upon coexpression of TMPRSS4, which 
belongs to the same TTSP subfamily as TMPRSS2. Whether the 
failure of TMPRSS4 but not TMPRSS2 to cleave 229E-S reflects 
differences in substrate specificities or spatial orientations of the 
respective protease domains remains to be elucidated. 

The coexpression of CD13 with TMPRSS2 or HAT in target 
cells increased cell-cell fusion driven by the HCoV-229E S-pro- 
tein, suggesting that 229E-S cleavage by TMPRSS2 and HAT re- 
sults in S-protein activation. However, transient expression of 
CD13 on target cells was sufficient for robust 229E-S-mediated 
membrane fusion, suggesting that cell-cell fusion can proceed in 
the absence of proteolytic activation of 229E-S or, more likely, that 
293T cells express a protease which can activate 229E-S for cell-cell 
fusion, at least under conditions of high expression of the S-pro- 
tein and its receptor. Notably, fusion of effector cells expressing 
the SARS-CoV S-protein with 293T target cells transfected to ex- 
press only ACE2, the viral receptor, depends on the activity of a so 
far unidentified leupeptin-sensitive protease that is different from 
cathepsin L (60). It is thus tempting to speculate that the same 
protease might also activate 229E-S and that this activation is in- 
creased by directed expression of TMPRSS2 and HAT. 

Expression of TMPRSS2 and HAT in target cells robustly acti- 
vated 229E-S for infectious viral entry into target cells pretreated 
with a cathepsin L inhibitor. This observation, which was made 
with a 229E-S-bearing vector as well as authentic HCoV-229E, 
unambiguously demonstrates that 229E-S cleavage by TMPRSS2 
and HAT results in S-protein activation and renders viral entry 
independent from S-protein processing by cathepsin L. The fail- 
ure of HAT to cleave 229E-S into a 120-kDa fragment is thus 
compatible with 229E-S activation, indicating that production of 
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FIG 5 TMPRSS2 partially rescues entry driven by the S-protein of HCoV-229E from inhibition by IFITM proteins. (A) 293T-CD13 target cells were transfected 
with the indicated amounts of IFITM expression plasmids or empty plasmid (pCAGGS) and subsequently transduced with infectivity-normalized pseudotypes 
carrying the glycoproteins of MLV, Lassa fever virus, or HCoV-229E. Luciferase activities in cell lysates were determined at 72 h postinfection. The results are 
presented as % infection and represent the averages for three independent experiments; error bars indicate standard errors of the means (SEM). (B) 293T-CD13 
cells were transfected with the indicated amounts of expression plasmids encoding IFITM proteins. Cell lysates were prepared after 48 h and analyzed by Western 
blotting using IFITM-1- and IFITM-2/3-reactive antibodies. (C) 293T-CD13 target cells expressing the indicated IFITM proteins either alone or in combination 
with TMPRSS2 were transduced with pseudoparticles bearing the glycoprotein of MLV or HCoV-229E, respectively. Cells were processed as described for panel 
A. The infection efficiency was calculated as % infection based on the infectivity for pCAGGS-transfected target cells, which was set as 100%. Comparable results 
were obtained in two independent experiments. 


the 65-, 50-, or 47-kDa fragment, but not the 120-kDa fragment, 
might be critical for S-protein activation. Activation of virus-cell 
fusion by TMPRSS2 has also been reported for SARS-S (30, 32). In 
contrast, HAT failed to activate SARS-S for cathepsin L-indepen- 
dent entry (31), suggesting that differential S-protein processing 
by TMPRSS2 and HAT affects activation of SARS-S but not 
229E-S. 
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Activation of 229E-S by transfected TMPRSS2 raised the ques- 
tions of whether endogenous TMPRSS2 can exert the same func- 
tion and whether activation by TMPRSS2 predominates over ac- 
tivation by cathepsin L in cells naturally permissive to HCoV- 
229E infection. Only a few cell lines express robust amounts of 
endogenous TMPRSS2, limiting the choice of target cells for in- 
fection experiments. We opted for the intestinal cell line Caco-2, 
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FIG 6 TMPRSS2 expression on differentiated HAE cells colocalizes with CD13-expressing cells. The in vitro distribution of TMPRSS2 expression (green) was 
analyzed in mock (A)- and HCoV-229E (B)-infected HAE cultures that were fixed and immunostained for colocalization with nucleocapsid protein (white) and 
for CD13 expression (red). To discriminate between ciliated and nonciliated populations, cells were stained with antibodies directed against B-tubulin IV (cilia; 
blue). Confocal images representative of 4 randomly selected fields from 3 independent experiments are shown. (C) For the in vivo distribution in primary 
bronchial tissue, TMPRSS2 (green) expression was analyzed in conjunction with CD13 (red), B-tubulin IV/cilia (cyan), and nuclei acids (blue). Confocal images 
representative of 4 randomly selected fields from 2 independent experiments are shown. Bars, 20 jm. 


since these cells express endogenous TMPRSS2 to levels sufficient 
for activation of influenza virus (40) and are also susceptible to 
infection by authentic HCoV-229E (52). Activity of cathepsin L 
was largely dispensable for 229E-S-driven entry into Caco-2 cells. 
In contrast, treatment of Caco-2 cells with camostat, which was 
previously shown to inhibit SARS-S activation by TMPRSS2 (50), 
markedly reduced 229E-S-driven transduction of 293T cells. 
Thus, activation of 229E-S by TMPRSS2 (or a closely related 
TTSP) might predominate over activation by cathepsin L in the 
Caco-2 cell model of HCoV-229E infection. Nevertheless, simul- 
taneous inhibition of cathepsin L and TMPRSS2 was required to 
fully suppress 229E-S-dependent transduction of Caco-2 cells, 
demonstrating that both proteolytic systems need to be targeted to 
obtain a profound antiviral effect. 

IFITM proteins are interferon-inducible host cell factors which 
inhibit the cellular entry of diverse enveloped viruses, including 
SARS-CoV, likely after viral uptake into host cell endosomes (34, 
35, 53, 55). Expression of IFITM-1, -2, and -3 in target cells mark- 
edly reduced 229E-S-dependent transduction, suggesting that the 
antiviral activity of IFITM proteins extends to HCoV-229E infec- 
tion. Whether subtle differences in HCoV-229E inhibition by the 
different IFITM proteins tested are biologically meaningful or 
simply reflect differences in IFITM expression upon transient 
transfection is, at present, unclear. The coexpression of TMPRSS2 
partially rescued 229E-S-driven transduction from inhibition by 
IFITM-1 to -3, as previously reported for SARS-S (34), indicating 
that the protease activates 229E-S for membrane fusion before 
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virions reach the late endosome, where IFITMs may exert their 
antiviral activity. Thus, TMPRSS2 not only allows HCoV-229E to 
infect cells lacking cathepsin L activity but also might protect the 
virus from inhibition by IFITM proteins, thereby allowing infec- 
tious viral entry despite the onset of the interferon response. 

A prerequisite for a role of TMPRSS2 in HCoV-229E infection 
is the expression of the protease in viral target cells in the human 
lung. Immunofluorescence analysis of HAE cultures revealed co- 
expression of CD13 and TMPRSS2 in nonciliated cells, which 
were targeted by authentic HCoV-229E, in agreement with a 
recent study (47). In addition, evidence for coexpression of 
TMPRSS2 and CD13 in bronchial epithelium was obtained, indi- 
cating that TMPRSS2 could activate HCoV-229E for pulmonary 
spread in human patients. In sum, our results demonstrate that 
redundant proteolytic systems, ie., TMPRSS2 and cathepsin L, 
can activate the S-protein of HCoV-229E in cell culture and, most 
likely, in infected humans. In addition, our findings and previous 
studies show that different respiratory viruses hijack TMPRSS2 to 
ensure their activation. Considering that knockout of the Tmprss2 
gene in mice shows no phenotype in the absence of infection (61), 
the TMPRSS2 protease might constitute an attractive target for 
therapeutic intervention. 
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